Petagnaea gussonei (Apiaceae) is an endangered species endemic to the Nebrodi mountains (north-eastern Sicily). Although an increasing number of studies have been performed on this species, its reproductive biology remains poorly understood. The aim of this study was to investigate in detail the structure of the flower and the fruit of Petagnaea, and the possible implications for its breeding system and seed dispersal mechanism. Results from fieldwork, light microscopy and scanning electron microscopy suggest (1) the presence of protandrous hermaphrodite flowers; (2) geitonogamy, autogamy, and allogamy as breeding system mechanisms of P. gussonei, even if asexual reproduction is preferred by the plant; and (3) epizoochory and hydrochory as possible modalities of fruit dispersal.
Introduction
Over the past two centuries, the monospecific genus Petagnaea Caruel (Saniculoideae, Apiaceae) has been the focus of much botanical attention due to its morphological peculiarity (e.g., Gussone 1827; Bertoloni 1837; Baillon 1880; Caruel 1889; Drude 1898; Wolff 1913; Froebe 1964; Magin 1980) . More recently, thanks also to the advancement of new technologies, this plant continues to interest botanists for its ecology, biology, phylogeny, and population genetics (Colombo et al. 1997; Gianguzzi 2002; Liu et al. 2003; Gianguzzi et al. 2004; Liu 2004; Calviñ o & Downie 2007; De Castro et al. 2007; Calviñ o et al. 2008; De Castro et al. 2008 , 2009 , 2013 Kadereit et al. 2008; Scharhag & Claßen-Bockhoff 2008; Gianguzzi 2011; Kronister 2013) .
Petagnaea gussonei (Spreng.) Rauschert is a rhizomatous perennial plant endemic to the Nebrodi mountains (north-eastern Sicily) that is presently classified as an endangered species on the IUCN Red List (Gianguzzi et al. 2004; De Castro et al. 2006; Gianguzzi & La Mantia 2006) .
Petagnaea occurs in a small number of isolated populations located in the humid and shaded margins of mountain streams or rivulets, where the species usually propagates asexually through the development of stolons (Gianguzzi et al. 2004 , De Castro et al. 2006 . Petagnaea is also regarded as a remnant of the Tertiary flora (Wolff 1913) . Inflorescences of P. gussonei are composed of three male flowers attached to a central hermaphrodite flower. Each of the flowers can be interpreted as a highly reduced umbellule, and thus the inflorescence represents a compound umbel (Froebe 1964) . Fruits are small unilocular achenes.
Several researchers have studied the morphology of the inflorescence and/or fruits of Petagnaea (e.g. Caruel 1889; Wolff 1913; Magin 1980; Scharhag & Claßen-Bockhoff 2008; Kronister 2013) . However, the reproductive biology of the species is still poorly understood, and there are questions about its breeding system and mode of seed dispersal. The lack of knowledge is mainly due to the difficulty in studying this plant in nature (i.e. rarity and difficult habitat access). Based on genetic nuclear and chloroplast DNA data, De Castro et al. (2013) presented several hypotheses on the sexual reproduction and seed dispersal modality of P. gussonei. Briefly, the authors suggested (a) the exclusion of a high cross-rate among related specimens (inbreeding); (b) the absence of strong geitonogamy or autogamy (self-fertilization); and (c) a long-range dispersal of seeds possibly carried out by animals (such as birds).
The aim of this study was to contribute new data on micromorphology and the reproductive biology of P. gussonei, (1) by observing and collecting flowers and fruits in the field at various developmental stages and (2) by analyzing in detail the collected material using both stereo and light microscope (SM and LM), and scanning electron microscopy (SEM). Here, we also discuss possible implications of the observed morphological characters on the breeding system and seed dispersal mechanism of the species.
Materials and methods

Plant sampling
About 100 samples of flowers and fruits were used in this study, derived from 20 plants, randomly collected in the field, which belonged to one of the largest populations of P. gussonei (Contrada S. Adriano) (see Gianguzzi 2011) . Five flowers and fruits with all parts intact were chosen per plant. Flower ontogeny was examined from early May to middle July, with bimonthly observations, until fruit formation.
Light and stereo microscopy
Samples of flowers and fruits were dehydrated in a graded ethanol series and embedded in paraffin (Catalano 1925; Beccari & Mazzi 1966; Colombo 2003) . The preliminary fresh sections were prepared with a manual microtome (A.M.G. Diagnostic) to investigate tissue distribution and subsequently subjected to the following histochemical tests: hydrochloric fluoroglucyn for detection of lignified cells and tissues (xylem and sclerenchyma), Sudan III for suberized and cutinized tissues, and iodine iodide solution (Lugol) for starch (Catalano 1925; Johansen 1940; Jensen 1962; Colombo 2003) . For permanent slides, flower samples were fixed in FAA (90% ethanol, 5% formalin, 5% acetic acid) (Sass 1958) , dehydrated in a graded ethanol series, stained by safranin, and then mounted in Canada balsam. Flowers were clarified according to the Fuchs' method (Fuchs 1963) , avoiding the tissue maceration step in a dried oven at 608C, in order to better preserve the whole xylem pattern (Perrone et al. 2013 ). All preparations were examined and photographed using a transmitted light microscope (LM) (Leica DMLS) and a stereomicroscope (SM) (Leica MZ12), while digital images were obtained by a NIKON DS-Fi1 camera.
Scanning electron microscopy
Flowers and fruits were observed under a Zeiss EVO LS10 scanning electron microscope (SEM). All samples were prepared according to Huttunen and Laine (1983) . In particular, dehydrated flowers and fruits were mounted on aluminum stubs with double adhesive tape and coated with gold prior to observation. Electron micrographs were taken at an accelerating voltage of 15 kV and 47 -2.0 K magnifications. Epicuticular wax morphology was classified according to Wilkinson (1979) . Anatomical terminology followed Esau (1965) .
Results
Flower morphology
The dichasial inflorescence includes several (reduced) umbels, each umbel generally composed of (two)-three male flowers and one hermaphrodite sessile flower [Figures 1(a, b) and 2(a,b)]. The hermaphrodite flower has the calyx tube fused to the ovary, which has ten ribs, five of which are thicker; the calyx edge is formed by five erect, lanceolate, acute, whitish teeth, each tooth having an inconspicuous midrib that is a continuation of the main ribs of the ovary. Petals are as long as the calyx or twice the sepal length (0.898^0.851 £ 0.493^0.423 mm) [Figure 2(c, d)] , with an elongated inflexed apex, deeply grooved above and ribbed below. Stamens (five) are strongly papillose and curved inward (first 10 days of May) [ Figure 2 (e,f)]. The ovary is topped by a stylopodium, formed by two long, filiform styles that, at the base, enlarge into two papillose, whitish nectaries [Figure 2(g, h) ]. The male flower shows a green campanulate calyx, with long whitish teeth, five strongly papillose stamens, curved inwards similarly to those of the hermaphrodite flower. In the flowering phase (end of May-early June), staminal filaments are straightened and anthers are projected outward. In contrast to the hermaphrodite flower which loses its stamens early, stamens of male flowers mature subsequently, after which they progressively desiccate, remaining evident until after anthesis [Figure 2(i) ]. Anthers are dorsifixed, intorse, and longitudinally dehiscent [Figure 3(a, b, c) ]. The epigynous, unilocular ovary is originally bicarpellar, having an adaxial and abaxial carpel; the size of the adaxial carpel subsequently decreases. The ovary contains a mature ovule, while the reduced carpel encloses a rudimentary ovule.
Ovary anatomy
The ovary consists of a one-layered epidermis (ca. 18 mm) with isodiametric, elongated, convex cells, slightly ornamented with a thin cuticle [ Figure 3 oil ducts may also be independent. In the central part, an anatropous ovule connected to an evident funiculus is clearly visible [Figure 3(i) ].
At ripening, the epidermis becomes a suberized waterproof exoderm. The chlorenchyma degenerates and both vascular bundles and reserve parenchyma turn into sclerenchyma, with formation of rare calcium-oxalate crystals, which make the fruit turn hard. The medullary parenchyma also degenerates, causing the formation of a large cavity in which the single seed develops. Under the SEM, a pear-shaped ovule is visible [ Figure 4(a,b) ], fully occupying the achene cavity, in which an evident honeycomb structure represents placenta residues.
Micromorphology and anatomy of floral parts
Sepals have a dorsal rib that extends into the ovary main ribs. The outer surface is composed of irregular cells, and shows a marked convexity forming a ridge along the sepal mid-axis; rare anomocytic stomata are present [Figure 4(c) ]. In the rib, cells become less convex, highly elongated and narrow, arranged in Figure 5(f,g,h) ]. The stigma is papillose and composed of very convex, rounded and slightly protruding cells, with the same cuticular ornamentation pattern as that of staminal filaments and anthers, but with a random arrangement. In the centre of this group of stigmatic cells a pore is present [ Figure 5(i) ].
Fruit morphology
The fruit is an obovate, glabrous, dark brown achene, 2 -5 mm in diameter, provided with less ribs than the ovule (ca. 8), due to the tension induced by sclerification of inner tissues, two ribs being more evident than the other ones [ Figure 6 Thanks to our data, it is possible to perform an interesting comparison with another peculiar Saniculoideae species: Hacquetia epipactis (Scop.) DC., a rare geophyte of the European forest. In fact, the comparison of fruit transverse sections from H. epipactis (Karcz et al. 2008 ) and P. gussonei [ Figure 6 (b,c)] shows different outlines, due to the smaller number of ribs and intercostal spaces in P. gussonei. Surface sculpturing of intercostal space is irregularly undulated, with cells in P. gussonei showing anticlinal parallel striae, while in H. epipactis striae are randomly oriented and converging in a central papilla. Toward the centre, the mesocarp is lignified in both species, but lignification is continuous and thick all around the fruit in P. gussonei, while it is plaque shaped in H. epipactis. The mesocarp also contains vascular bundles, which in P. gussonei are small and numerous, associated with both ribs and secretory intrajugal tubes (vittae), the latter are positioned both on the ribs and vallecula while in H. epipactis vascular bundles are fewer, and vittae are larger and well defined, and are positioned only on the ribs. Both species have a parenchymatous endocarp, with honeycomb structures containing protein bodies in H. epipactis, and dense starch granules in P. gussonei. Residue of sepals, staminal filaments, and male flower pedicels are converging at the top of the fruit [ Figure 6(d,e) ]. 
Discussion
Exhaustive morphoanatomy studies using microscopy techniques (SM, LM and SEM) are scarce for the flower and fruit of Petagnaea. Although the study of Magin (1980) represents an important contribution to understanding the biology of this plant, some incongruences were detected through our present analyses. In fact, we were unable to confirm some of the phenomena reported by Magin, namely: (1) the presence of aberrant hermaphrodite flowers (i.e. exclusively male in the upper part of the plant and exclusively female in the rest of the plant); (2) the complex sexual inversion phenomena in male flowers (i.e. male flowers can become hermaphrodites or female); and (3) the appearance of the central hermaphrodite flower after the male flowers. Finally, Magin does not affirm directly that this plant has protandrous flowers. This phenomenon is only mentioned by Scharhag & Claßen-Bockhoff (2008) : "Astrantia major is multicyclic proterandrous and extremely dichogamous while Petagnaea gussonei is also protandrous, but flowers in a duodichogamous manner with a strong tendency to geitonogamy".
In this study, we observed that the hermaphrodite flower of P. gussonei is protandrous with an early loss of the three stamens. When the stamens are mature in the hermaphrodite flower, the ovary is still immature because it has not completed the ripening of the gametophyte, and thus self-fertilization within the same umbel is not possible. However, selffertilization is possible if another hermaphrodite flower of the same plant has already developed a mature ovule. Outcrossing may also be possible, with pollen from one plant fertilizing other plants. Our observations suggest that geitonogamy and autogamy could be mechanisms in the breeding system of P. gussonei as found in other Apiaceae (Bell 1971; Jury 1996) . However, the genetic data of P. gussonei populations previously reported indirectly indicate that, although these phenomena (i.e. geitonogamy and autogamy) are possible in Petagnaea, they could not be at the base of its present breeding system because of a predominance of vegetative reproduction. In fact, the genetic indexes obtained from isolated populations (e.g. low inbreeding coefficient, good genetic variability), the absence of gene flow of pollen among populations, and the very low germination show that this plant prefers a vegetative reproduction (propagation by stolons), which blocked its genetic variability over time (for further details, see De Castro et al. 2013) .
The complex inversion phenomena documented by Magin (1980; see earlier) were not observed through our analysis, and this incompatibility might by related to the sampling carried out by Magin. It is not clear how many flowers or plants were studied by Magin (1980) , but his observations were based on plant material cultivated at the Botanical Garden of Aachen (Germany) where different abiotic conditions could have stressed the plants, resulting in the development of aberrant flowers, which are normally not found in wild plants.
Based on fruit structure, several mechanisms can be proposed for the dispersal of Petagnaea fruit. All achenes present residues of staminal filaments and calyx teeth, which could constitute a precarious grip for epizoochory [Figure 6(d, e) ], whereas their light weight (, 0.3 mg) allows for the dispersal on animalcoats. Tackenberg et al. (2006) reported that species with diaspore mass , 2 mg had a fair chance to be dispersed in curly wool as well as in straight hair over long distances, once they get attached to the animalcoat. In addition, the nature of Petagnaea achenes (i.e. woody mesocarp and parenchymatous endocarp) and the habitat of the plant (i.e. meso-hydric environments) suggest that the fruit could also float and disperse along rivulets (hydrochory). According to both the literature and our data (Jury 1996; De Castro et al. 2013) , we suggest that both epizoochory and hydrochory are important in the fruit dispersal of this plant. In fact, according to the chloroplast genetic data reported by De Castro et al. (2013) , no phylogeographic structure of two haplotypes was detected among the populations that also correlated with a distribution by the stream and/or rivulets (see Figure 2 in De Castro et al. 2013 ). This pattern can only be explained by supposing that epizoochory also represents an important mechanism for fruit dispersal. Thus, considering these genetic data and the achene microstructure, we believe that fruit dispersal by animals has been fundamental in the distribution of this species.
